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ABSTRACT

A 7.5-year(July 1987-December1994)datasetof daily surfacespecifichumidity andturbulent

fluxes (momentum,latentheat,andsensibleheat)overglobaloceanshasbeenretrievedfrom the

SpecialSensorMicrowave/Imager(SSM/I) dataand otherdata. It has a spatial resolutionof

2.0°x2.5° latitude-longitude.The retrievedsurfacespecific humidity is generallyaccurateover

globaloceansasvalidatedagainstthecollocatedradiosondeobservations.The retrieveddaily wind

stressesand latentheat fluxes showuseful accuracyas verifiedby thosemeasuredby the RV

MoanaWaveand IMET buoy in thewesternequatorialPacific. Thederivedturbulentfluxesand

input variablesare also found to agreegenerallywith the global distributionsof annual-and

seasonal-meansof thosebasedon 4-year (1990-93) comprehensiveocean-atmospheredataset

(COADS) with adjustmentin wind speedsand other climatologicalstudies.The COADS has

collectedthemostcompletesurfacemarineobservations,mainly from merchantships. However,

ship measurementsgenerailyhavepoor accuracy,and variablespatial coverages. Significant

differencesbetweentheretrievedandCOADS-basedarefound in someareasof the tropical and

southernextratropicaloceans,reflecting the paucity of ship observationsoutsidethe northern

extratropicaioceans. Averagedovertheglobaloceans,the retrievedwind stressis smallerbut the

latentheatflux is largerthanthosebasedonCOADS. Theformeris suggestedto be mainlydueto

overestimationof theadjustedship-estimatedwindspeeds(dependingonseastates),while the latter

is suggestedto be mainly due to overestimationof ship-measureddew point temperatures.The

studysuggeststhattheSSM/I-derivedturbulentfluxescanbeusedfor climatestudiesandcoupled-

modelvalidations



1. Introduction

The global air-sea fluxes (momentum, latent and sensible heat, radiation, and freshwater) are the

major forcing for driving oceanic circulation and, hence, are essential for understanding the general

circulation of global oceans. These fluxes over the global oceans are required for driving ocean

models and validating coupled ocean-atmosphere global models.

The project of comprehensive ocean-atmosphere data set (COADS) has collected the most

complete surface marine observations since 1854, mainly from merchant ships (Woodruff et al.

1987). However, ship measurements generally have poor accuracy, variable spatial samplings,

coarse temporal samplings, and fair-weather biases (Isemer and Hasse 1987; Kent et al. 1993; da

Silva et al. 1994). It has generally been recognized that ships underestimate wind speeds at low to

moderate winds (< -19 m s 1) but overestimate wind speeds at high winds (Kent and Taylor 1997).

Da Silva et al. (1994) corrected biases for ship-estimated wind speeds and cloudiness, and then

derived air-sea fluxes from the COADS and produced 1° x 1° latitude-longitude global monthly

mean fluxes for the period 1945-93 (the results of 1990-93 are referred to as UWM/COADS in

this study). Missing data, mostly in the tropical and southern oceans (south of 40°S), were filled

through an objective analysis. There are other datasets of air-sea fluxes based on in situ

measurements with adjustments in data or roughness lengths for flux computations (e. g., Isemer

and Hasse 1987; Oberhuber 1988; Josey et al. 1999).

Satellite sensors can provide global coverages with adequate temporal samplings. Thus the

development of satellite techniques for retrieving global air-sea fluxes is vital to climate studies.

The latent heat flux at the ocean surface can be estimated from the sea surface temperature (SST),

surface wind speed, and near surface specific humidity using an aerodynamic bulk method. Except

for the surface humidity, these parameters can be directly retrieved from satellite radiance

measurements. Thus the satellite retrieval of latent heat flux over oceans depends critically on the

estimation of surface humidity. A number of techniques have been developed to retrieve surface

humidity and latent heat fluxes from satellite observations (e. g., Chou et al. 1995, 1997, 2000;
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ClaysonandCurry 1996;Crewellet al. 1991;Curry et al. 1999;Esbensenet al. 1993;Liu 1986,

1988;Schlusselet al. 1995;Schulzetal. 1993,1997;Wagneretal. 1990).

Chou et al. (1995) developeda methodto retrieveinstantaneoussurfacehumidity from the

radiancesmeasuredby the SpecialSensorMicrowave/Imager(SSM/I). Using both SSM/I-

retrievedsurfacewind and humidity andother data,they then computeddaily air-seaturbulent

fluxesof momentum,latentandsensibleheatoverglobal oceanswith a stability-dependentbulk

scheme.Chouet al. (1997) improvedthe methodsfor retrievingthe surfacehumidity (thus the

latentheatflux) andsensibleheatflux. Chouet al. (2000) furthercomparedtime seriesof SSM/I-

retrieveddaily turbulent fluxes with thoseof Improved Meteorological(IMET) buoy observed

during theTropical OceanGlobal Atmosphere(TOGA) CoupledOcean-AtmosphereResponse

Experiment(COARE)intensiveobservingperiod(IOP),from November1992to February1993.

The SSM/I providesnear-globalcoveragewith improvedcoverage,spatial resolution,and

accuracyoverprior passivemicrowaveinstruments. It hasbeenoperatingsinceJuly 1987on a

seriesof theDefenseMeteorologicalSatelliteProgram(DMSP) spacecraftin a near-circular,sun-

synchronous,andnear-polarorbitwith anorbit periodof 102minutes. The first (on F8 satellite)

andsecond(onFI0 satellite)SSM/Isprovidesdatafor the periodsJuly 1987-December1991,and

January1991-November1997,respectively.Thethird (on FI 1 satellite),fourth (on F13 satellite),

andfifth (on FI4 satellite)SSM/Is hasprovideddatasinceJanuary1992,May 1995,and May

1997,respectively.Thus since1 January1991,therehavebeenat leasttwo SSM/Is sensingthe

earthsystemwith betterspatialandtemporalcoverages.We haveproduceda 7.5-year(July 1987-

December1994)datasetof daily surfacespecifichumidity andturbulentfluxes (momentum,latent

heat,andsensibleheat)overglobaloceansfrom theSSM/Idataandotherdata,usingthealgorithm

of Chouetal. (1997). It hasaspatialresolutionof 2.0°x2.5° latitude-longitude.

In this paper, we discuss the global distributions of 7-year (1988-94) annual and seasonal

averages of the retrieved turbulent fluxes and input variables, as well as their retrieval accuracy.

Section 2 describes the data sources used in this study. Section 3 briefly describes the
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methodology and validation for the retrieval of surface humidity. To test the validity of the

humidity-retrieval technique, instantaneous surface humidity retrieved from the F8 SSM/I during

February and August 1988 and from the F10 and F11 SSM/Is during 1993 are compared with

those collocated radiosonde observations over the global oceans. Section 4 briefly describes the

methodology and validation for the retrieval of air-sea turbulent fluxes. To assess the retrieval

accuracy, daily air-sea turbulent fluxes retrieved from the F10 and F11 SSM/Is are compared with

those observed by the nearby RV Moana Wave during three separate cruises in the COARE IOP

and by the IMET buoy during the entire COARE IOP. To check the accuracy of spatial and

temporal variability of the retrieved fluxes, the global distributions of 1988-94 (and 1990-93)

annual- and seasonal-mean turbulent fluxes and input variables, derived from the F8 and F ll

SSM/Is, are compared with those of UWM/COADS (1990-93). The global distributions of 1988-

94 annual- and seasonal-mean SSM/I fluxes and input variables are essential the same as those of

1990-93. The annual-mean results of both cases are compared with those of UWM/COADS in

section 5. The former case (1988-94) emphasizes on the comparison of mean patterns, while the

latter case is used to produce difference patterns for a quantitative comparison. The comparison of

seasonal-means with those of UWM/COADS is given in section 6. The intercomparison can

identify the strengths and weaknesses of the retrievals. It can also assess the quality of

UWM/COADS, especially over the data-void regions of the tropical and southern oceans.

Concluding remarks are given in section 7.

2. Data sources

The datasets used to derive surface humidity and air-sea turbulent fluxes are: l) the SSM/I total

precipitable water (entire column-integrated water vapor amount) and 10-m wind speeds of Wentz

(1994), 2) the precipitable water in the lowest 500-m bottom-layer, 3) the 0Z and 12Z analyses of

SST-Tzm (2-m temperatures) and sea-level pressures of the European Centre for Medium-Range

Weather Forecasts (ECMWF), 4) the weekly mean SSTs of the National Centers for

Environmental Prediction (NCEP), and 5) the SSM/I 10-m wind directions of Atlas (1996). The

bottom-layer precipitable water is estimated from the SSMB antenna temperatures of Wentz (1993)
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using the method of Schulz et al. (1993). Daily mean SSTs for computing latent heat fluxes are

interpolated from the weekly mean values of Reynolds and Smith (1994). The wind stress

directions are taken from the SSM/I 10-m wind directions of Atlas et al. (1996), which used the 10-

m wind speeds of Wentz (1994).

The SSM/I is a passive microwave radiometer, which senses the earth atmosphere system at

four frequencies of 19.35, 22.235, 37.0 and 85.5 GHz. It has both horizontal and vertical

polarization except for the 22 GHz water vapor channel that has only the vertical polarization

measurement. Wentz (1994) developed his algorithm to retrieve simultaneously the 10-m wind

speed, total precipitable water, columnar cloud water, and rain rate. These four geophysical

parameters were derived by matching all the brightness temperatures of the five low frequency

SSM/I channels to those computed using a radiative transfer model of the atmosphere and ocean.

For a 25-kin resolution, he found the root-mean-square (rms) differences to be 1.4 m s -_ for

collocated SSM/I-buoy wind speeds, and 3.9 kg m-' for collocated SSM/I-radiosonde total

precipitable water. Since July 1987, the SSM/I has been operating on a series of DMSP satellites

as mentioned in the introduction. In this study, the SSM/I data used for the collocation validation

of surface humidity and turbulent fluxes are from the F8, F10, and F11 satellites, which have

ascending equatorial crossings at 0612, 1942 and 1702 LT, respectively. The 1988-94 (and 1990-

93) annual- and seasonal-mean turbulent fluxes and input variables are derived from the F8 and

F11 SSM/Is, which have slightly better data quality compared to the F10 SSM/I (see section 3a).

To validate the estimated instantaneous surface humidity, twice-daily radiosonde observations at

30 stations over the global oceans (Table 1) for February and August 1988 and for 1993 are used

to match the SSM/I retrievals. To validate the retrieved daily turbulent fluxes, the Moana Wave flux

data (1.7°S, 156°E), and the latest version of the 7.5-min mean surface fluxes at the IMET buoy

(1.75°S, 156°E) are used. The former were obtained from the COARE Surface Flux Summary -

Release #2 (C. Fairall, private communication, 1994), while the latter were computed by Weller and

Anderson (1996). To further assess the retrieval accuracy, the global distributions of 1990-1993
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annual- and seasonal-mean turbulent fluxes and input variables of UWM/COADS (da Silva et al.

1994) are used.

3. Methodology and validation for retrieval of surface humidity

a. Methodology for retrieving surface humidity

Chou et al. (1995) developed a technique to retrieve instantaneous surface humidity from the

SSM/I total precipitable water (W) and lowest 500-m bottom-layer precipitable water (WB). The

coefficients of surface-humidity retrieval equation (see Table 1 of Chou et al. 1997) were

determined from the vertical profiles of the mean and first two empirical orthogonal functions

(EOFs) of a sample population of humidity soundings of a given climatic regime. To retrieve

surface humidity over global oceans, six sample populations and EOFs corresponding to six

climate regimes were generated from 23177 FGGE lib humidity soundings observed at 64 stations

over global oceans during December 1978-November 1979 (Chou et al. 1995). The whole year's

humidity soundings at these 64 stations were divided into 64 subsets of 6-month cold-season

(November to April for the Northern Hemisphere and May to October for the Southern

Hemisphere) and 64 subsets of 6-month warm-season humidity soundings. These 128 semiannual

subsets were then grouped into six sample populations, according to their (subsets') semiannual-

mean total precipitable water. The ranges of semiannual-mean total precipitable water of the six

sample populations were set to be 0-10, 10-20, 20-30, 30-40, 40-50, and >50 kg m -2, respectively, to

group these 128 humidity subsets. The locations and mean total precipitable water of the subsets of

the sample populations are highly related to the pattern and seasonal variation of the SST (see Figs.

1 and 2 of Chou et al. 1995). These six sample populations were thus considered as representing

different climatic regimes for retrieving the surface humidity over global oceans.

Chou et al. (1995) found that the SSM/I-retrieved surface humidity agreed reasonably well with

those of the radiosonde observations, COADS (Woodruff et al. 1987), and climatology estimated

from ship measurements (Esbensen and Kushnir 1981). However, the derived surface humidity

had a negative bias for the northern wintertime extratropical oceans but had a positive bias for the
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northern summertime extratropical oceans, as compared to COADS. Chou et al. (1977) made two

modifications to the original EOF method to improve the humidity biases. The negative humidity

bias over the wintertime extratropical oceans (W_< 3 kg m 2) was mainly due to the underestimation

of SSM/I W B. Thus, they applied the surface humidity retrieved from the total precipitable water

(more accurate than SSM/I WB) as a lower limit for retrieving surface humidity in these dry

regions. In this case, the coefficients of surface-humidity retrieval equation were determined from

the vertical profiles of the mean and first EOF of humidity sample population of the corresponding

climatic regime. On the other hand, the saturation specific humidity of daily SSTs was set to be the

upper limits of retrieved surface humidity over the global oceans. This reduces the positive

humidity bias over the summertime extratropical oceans. In the summer, as the warmer continental

(or maritime) air moves over a colder ocean surface, fog or stratus may form with the surface air

reaching saturation at a temperature near the underlying cold SST. Under this situation, the original

method [as well as those of Liu (1986) and Schulz et al. (1993)] tends to overestimate the surface

humidity. Chou et al. (1997) found that the global distributions and seasonal variability of the

retrieved monthly surface humidity (and latent heat fluxes) were more realistic than those of Chou

et al. (1995), as a result of these two modifications of humidity retrieval.

For the retrieval of the 7.5-year surface humidity, we use the total precipitable water of Wentz

(1994). The bottom-layer precipitable water is estimated from the SSM/I antenna temperatures of

Wentz (1993) using the method of Schulz et al. (1993). To retrieve the surface humidity, the

previous mentioned W-ranges of the six sample populations are set to be the ranges for the

observed W to select proper climatic regime and EOFs for the retrieval. The retrieval of surface

humidity involves three steps: 1) to retrieve three values of surface humidity for the sample

population corresponding to the observed SSM/I W and two neighboring sample populations (one

drier and the other wetter), using the observed SSM/I W and WB, 2) to compute a weighted mean

from these three values of surface humidity, and 3) to limit the mean surface humidity with the

saturation specific humidity of daily SST. The weights are derived from the probabilities that the

observed SSM/I W is within the selected three sample populations. The probability is computed
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usinga normaldistribution,with themeanandstandarddeviationtakenfrom thoseof W of the

selectedsamplepopulation(Table1 of Chouet al. 1995). The first humiditymodification,using

surfacehumidityretrievedfrom SSM/I W aslowerbound,is restrictedto the situationswith the

SSM/I W < 20 kg m2 and theSSM/I WB < 2.8 kg m-2(meanW_ of the seconddriest sample

population)for thewintertimeextratropicaloceans.

b. Collocationvalidationfor retrievedsurfacehumidity

To validate the retrieved instantaneous surface humidity, radiosonde observations at 30 stations

over the global oceans (Table 1) are compared with the SSM/I retrievals within I00 km and 1.5 h.

A single radiosonde observation can match several SSM/I cells (with a mean of -50 for W and -30

for WB) within 100 km and 1.5 h. As these collocated SSM/I cells (with a single radiosonde

observation) may not be independent samples, they are averaged and considered as a single sample

for the collocation validation. Note that this approach is different from that of Schulz et al. (1997),

who considered all the collocated SSM/I cells (with a smaller window) as independent samples to

compute the retrieval errors. As the rms error decreases with increasing sample size, which depends

on the collocation window, the retrieval accuracy presented by different studies should be compared

with caution. Table 2 compares the retrieved surface humidity with those of radiosonde

observations matched within 100 km and 1.5 h. Comparisons are carried out for three periods:

February and August 1988, February and August 1993, and the entire annual cycle of 1993. Most

radiosondes are launched at 0 and 1200 UTC. However, the ascending equatorial crossing times

are 0612, 1942, and 1702 LT for the F8, FI0 and F11 satellites, respectively. Thus, the collocated

data pairs are 342 (F8) for February and August 1988, 462 (288 for FI0 and 174 for F11) for

February and August 1993, and 2054 ( 1205 for F 10 and 849 for F 11) for 1993.

As can be seen from Table 2, the retrieval of surface humidity is generally accurate over global

oceans for the three periods tested during 1988 and 1993. The accuracy of surface humidity

derived from the F8 and FI 1 SSM/Is is comparable and is slightly better than that derived from the

F10 SSM/I. Table 2 shows that, for a 25-km spatial resolution, the surface humidity retrieved from
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theF8 andFI 1SSM/Ishassmallbiasof 0.03-0.25g kg_, rmsdifferenceof 1.55-1.62g kg-_,anda

correlationcoefficientof 0.97,ascomparedto theradiosondeobservationsoverglobal oceans. The

surfacehumidityretrievedfrom theF10 SSM/I reducesaccuracyby 0.2-0.3 g kg-j and SSM/I-

radiosondecorrelationby 0.03-0.04,ascomparedto theothertwo SSM/Is. The rms differenceof

surfacehumidityretrievedfrom the F8 SSM/I is smallerby 0.13 g kg-_,as comparedto that of

Chouet al. (1995) for the samecollocateddatapairsduringFebruaryandAugust 1988. This is

due to the improvementin the retrievalof surfacehumidity mentionedabove. Note that the

humidity discrepanciesbetweenthe SSM/Is and radiosondesmay be due to the spatial and

temporalmismatchaswell asretrievalerrorsin surfacehumidity(andW andWB)anderrors in the

radiosondeobservations.

4. Methodology and validation for retrieval of air-sea turbulent fluxes

a. Methodology for retrieving air-sea turbulent fluxes

The turbulent fluxes are derived using a stability-dependent aerodynamic bulk scheme of Chou

(1993), which was tested against aircraft covariance fluxes measured during cold air outbreaks off

the middle Atlantic coast of the United States. This scheme is similar to Fairall et al. (1996) but

without a gustiness parameterization, since it was found to have insignificant impact on the SSM/I

turbulent fluxes (Chou et al. 1997). Using the surface-layer similarity theory, the turbulent fluxes

are derived from the surface-layer scaling parameters by iteratively solving the diabatic profiles of

wind, temperature, and moisture. The bulk transfer coefficients are stability dependent and are

functions of wind speed, and sea-air temperature and humidity differences.

The turbulent fluxes are derived from daily mean values of SST, wind speed and specific

humidity 10 m above the sea surface, and air temperature 2 m above the sea surface. It is noted that

the reference height in the bulk scheme is set to 10 m for wind speed and humidity but is set to 2 m

for temperature for correctly calculating their gradients and stability (Chou et al. 1997). The SSM/I

10-m wind speeds of Wentz (1994) are used, while the humidity retrieval is briefly discussed in the

previous section. Wind stress directions are taken from the surface wind directions of Atlas et al.



(1996),which usedthe 10-mwind speedsof Wentz (1994) for input to a variationalanalysis.

thisanalysis,thewind speedsinfluencethedirectionsassignedto them.

9

In

Daily meanSSTsusedfor computinglatentheatfluxesareinterpolatedfrom the NCEPweekly

meanSSTs,whichhavea spatialresolutionof 1.0°xl.0° latitude-longitude(Reynoldsand Smith

1994). To use an aerodynamicbulk scheme to derive surface sensible heat fluxes, the

measurementsof air temperaturesin theatmosphericsurfacelayer(about50-100m) arerequired.

However,theyarenotcurrentlyavailablefromsatellitemeasurements.Thus,the SST-T2musedfor

computingthe sensibleheat flux is taken from the averagesof 0Z and 12Z analysesof the

ECMWF. Sea-airtemperaturedifferenceis generallyverysmallovertheopenocean,exceptfor the

westernPacificwarm pool and midlatitudesin the winter. Small errors in the SSTs and air

temperaturescould inducearelativelylargeerror in thesea-airtemperaturedifferenceif theerrors

areuncorrelated.TheECMWF analysisof 2-m temperaturesis thermodynamicallyconstrainedto

theSST.

b. Collocationvalidationfor retrievedair-seaturbulentfluxes

Chouet al. (1997,2000)havevalidateddaily air-seaturbulentfluxes,derivedfrom theF10 and

FI 1 SSM/Is, with thosemeasuredat the nearbyRV MoanaWaveand IMET buoy during the

COAREIOP,from November1992to February1993. Theseresultsaresummarizedin Table3.

To comparewith the SSM/I, Chou et al. (1997) deriveddaily meanturbulent fluxes at the RV

Moana Wavefrom 1429samplesof 50-rain meanair-seaturbulent fluxes from the COARE

SurfaceFlux Summary- Release#2 (C. Fairall,privatecommunication,1994),which had a total

sampleof 1622.These1429selectedsamplescovered52days.Of the 1429samplesof latentheat

fluxes(windstresses),59%(77%)wasthecovariancefluxes,while41%(23%)wasthebulk fluxes

computedby Fairallet al. (1996)usingtheir bulk scheme.The covariancefluxes wereusedfor

sampleswith gooddataquality indicator,while thebulk fluxes wereusedfor sampleswith poor

quality indicator. Daily meansensibleheatfluxesat the RV MoanaWavewerederivedfrom the

bulk fluxescomputedby Fairallet al. (1996),assmallsensibleheatfluxesestimatedusingtheeddy



correlationmethodmay be sensitiveto the measurementerrors.

nearestgrid box (2.0°x2.5° latitude-longitude)centeredat (2°S,

comparisonwith theMoanaWaveobservations( 1.7°S,156°E).

10

Retrieveddaily fluxes of the

155°E), were used for the

For the comparisonwith the SSM/I, Chou et al. (2000) derived120 days of daily mean

turbulentfluxes at the IMET buoy from the latestversionof the 7.5-min meansurface fluxes

computedby Weller andAnderson(1996) using the bulk schemeof Fairall et al. (1996). The

retrieveddaily fluxes,interpolatedto a 1.0°xl.0° latitude-longituderegioncenteredat (1.5°S,156°E),

wereusedfor thecomparisonwith theIMET observations(1.75°S,156°E).Table3 showsthatthe

retrievalaccuracyof turbulentfluxesiscomparableasvalidatedwithboththeRV MoanaWaveand

IMET buoy. Daily wind stressesandlatentheatfluxes (LHF) areretrievedwith useful accuracy

verifiedby both in situ measurementsduring theCOARE IOP. Theretrieveddaily wind stresses

have a bias of 0.0061 (-0.0018) N m-, an rms differenceof 0.0187 (0.0211) N m-', and a

correlationcoefficientof 0.86 (0.78),as comparedto the RV MoanaWave (IMET buoy). The

retrieveddaily latentheatfluxeshaveabiasof 6.2(-2.4)W m-2,anrmsdifferenceof 29.0(29.2)W

m-2,andacorrelationcoefficientof 0.83(0.71),ascomparedto theRV MoanaWave(IMET buoy).

On theotherhand,theretrieveddaily sensibleheatfluxes (SHF) arenot in good agreementwith

thoseof the MoanaWaveand IMET buoy. The poor quality of the retrievalsis likely due to

comparisonsof smallfluxes(havinga meanof only -6 W m2) with a largevariability(associated

with generalweakwinds andepisodiceventsof strongwesterlywind burstsandsqualls). These

resultssuggestthat,with the assumptionof independentdaily errors,therms errors to be0.0042-

0.0069N m-2for the retrievedmonthlywind stress,5.5-8.1W m-2for theretrievedmonthlyLHF,

and1.0-2.8W m-2for theretrievedmonthlySHF.

Table 3 shows that the retrieved turbulent fluxes have small negative biases, as compared to the

IMET buoy. Chou et al. (2000) found that this was mainly due to the fact that the retrievals

underestimated the peak values of turbulent fluxes during westerly wind bursts and squalls, which

were observed to accompany heavy rainfall (Anderson et al. 1996; Godfrey et al. 1998). Since

winds associated with heavy rain events cannot be retrieved from the SSM/I data (Wentz 1994),
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strongwinds and,hence,peakturbulentfluxes areundersampled. The underestimationof the

sensibleheatflux mayalsocausedby otherfactors,suchasasmallersea-airtemperaturedifference

of theECMWF analysisandtheexclusionof rainfall effect in theretrievalof sensibleheatflux.

Theretrievalerrorsof theturbulentfluxesmayalsobe dueto spatialvariabilityof thefluxes.The

daily meanturbulent fluxes at the Moana Wave and IMET buoy were computedfrom the

measurementscoveringsmall local areas. However, the retrieveddaily fluxes used for the

comparisonwith theMoanaWave(1.7°S,156°E)werecomputedfrom thenearestlow-resolution

(2.0°x2.5° latitude-longitude)grid box centeredat (2°S,155°E). Theretrieveddaily fluxes of the

nearesthigh-resolution(l.O°xl.0° latitude-longitude)grid box,centeredat (1.5°S,156°E),usedfor

thecomparisonwith theIMET buoy (1.75"S,156"E)wereinterpolatedfrom thoseof four low-

resolution(2.0°x2.5° latitude-longitude)neighboringgrid boxes. We anticipatethat the turbulent

fluxescomputedon a high-resolutionglobalgrid of 1.0°xl.0° latitude-longitudewill havebetter

retrievalaccuracydueto theimprovementonresolution.

5. Global distributions of annual-mean fluxes and input variables

a. Comparison of 1988-94 annual mean with UWM/COADS

In this study, the results of UWM/COADS are interpolated to the same 2.0°x2.5 ° latitude-

longitude global grid as that of the SSMB for the comparisons. Figures 1-4 compare 7-year ( 1988-

94) annual-mean turbulent fluxes and input variables, derived from F8 and F11 SSM/I data (Figs. 1

and 3), with those (1990-93) of UWM/COADS (Figs. 2 and 4). The SSM/I fluxes and input

variables (Figs. 1 and 3) show large-scale coherent patterns, while those of UWM/COADS (Figs. 2

and 4) show small-scale eddy structures. The large-scale patterns of wind stresses (Figs. l a and

2a) and wind speeds (Figs. 3a and 4a) are in general agreement between SSM/I and

UWM/COADS. The maxima are located in the strong wind regions of trade winds and

extratropical storm tracks. The minima are located in the weak wind areas of intertropical

convergence zones (ITCZ), southern Pacific convergence zone (SPCZ), and subtropical highs.
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However,theretrievedwind speeds(witharangeof 5-10 m s_) and stresses (with a range of 0.25-

1.5 N m z) are generally weaker and have smaller ranges than those of UWM/COADS.

The patterns of LHF (Figs. lb and 2b) and sea-air humidity difference, Qs-Q (Figs. 3b and 4b),

show some similarity between SSM/I and UWM/COADS. Large values of LHF are found in the

Kuroshio Current and Gulf Stream areas resulting from high winds coupling with large Qs-Q

during cold air outbreaks in the winters. The LHF and Qs-Q are maximized in the trade wind belts,

and minimized in the high latitudes due to poleward decrease of the SST. The minimum LHF and

Qs-Q are also found in the eastern equatorial Pacific and Atlantic due to the up-welling induced

cold SST associated with weak winds.

However, there are significant differences between these two flux datasets. The retrieved LHF

in the trade wind regions (with the maxima of 180-200 W m 2) are significantly larger than that of

UWM/COADS. This is because the largest retrieved wind speed (-7-8 m s -_) and Qs-Q (-5-6 g

kg _) are nearly collocated in the trade wind belts as they have coherent large-scale structures (Figs.

3a and 3b). On the other hand, the strongest winds (-9-11 m s_) and large Qs-Q (-4-6 g kg 1) of

UWM/COADS are not collocated well in the trade wind belts as they have small-scale chaotic eddy

structures (Figs. 4a and 4b). Furthermore, the maxima of Qs-Q (up to 8 g kg -_) of UWM/COADS

are rather chaotic and are located in the western equatorial Pacific and the ITCZ in the eastern

equatorial Pacific (near l0°N, 120°W), which are associated with very weak winds and hence cannot

produce large latent heat fluxes. The large values of Qs-Q (up to 8 g kg 1) in these regions, which

are significantly larger than those (-5 g kg _) of SSM/I and Esbensen and Kushnir (1981), are

likely to be overestimated as a result of the objective analysis in the undersampled areas of

UWM/COADS. The SSM/I LHF and Qs-Q are also significantly larger than those of

UWM/COADS south of 40°S (See Fig 5b for the differences). The SHF (Figs. lc and 2c) is

generally very small due to the smallness of sea-air temperature difference (Figs. 3c and 4c), except

for slightly larger fluxes in the northwestern parts of the North Pacific and North Atlantic caused

by cold air outbreaks.
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Theglobaldistributionsof the fluxes and input variables of Esbensen and Kushnir (1981) are

in better agreement with SSM/I (Figs. 1 and 3) than with UWM/COADS (Figs. 2 and 4),

especially for the LHF and Qs-Q- Compared to the climatologies of Esbensen and Kushnir (1981),

the SSMB wind speed is -1 m st higher in the tropics but is -1 m s _ lower in the extratropics; the

Qs-Q is 0.5-1 g kg 1 larger; and the LHF is -20W m 2 larger in most of the oceans. The LHF

differences are very small in the equatorial oceans but the SSMB LHF is larger by -40W m 2 in the

southern trade wind belts. The SSM/I SHF is generally within -+5 W m -2 of Esbensen and

Kushnir ( 1981 ).

b. 1990-93 annual difference with LAVM/COADS

The period of 1990-93 is used for a quantitative comparison with the UWM/COADS. For the

comparison, the SSMfl surface wind speeds (U_,0,,), specific humidity (Q20m), and temperature

(T_,o,,,) are adjusted to the 20-m level (same as that of UWM/COADS) using the aerodynamic bulk

scheme of the flux derivation. The SSM/I-minus-UWM/COADS differences of annual-mean

fluxes and input variables for 1990-93 are shown in Figs. 5 and 6. Figure 5a and 6a show that the

retrieved wind stress and U__omare generally smaller than those of UWM/COADS, with significant

differences (-0.05-0.1 N m -2 and -2-3 m s_) over the high wind regions of northern extratropics

and trade winds. In the central equatorial Pacific and southern extratropical oceans, wind speeds

and wind stresses show significant positive and negative differences between SSM/I and

UWM/COADS, likely a result of the objective analysis to fill undersampled areas of the latter

(further discussed later).

Further comparison with the global distribution of 1970-89 annual-mean ship-measured 20-m

winds of da Silva et al. (1994) indicates that the 1990-93 annual-mean SSM/I 20-m wind speeds

(not shown, about 6% higher than that of Fig. 3a) are fairly accurate. This comparison reveals a

good agreement in the tropics, with the SSM/I wind speeds lower by -1 m s_ in the extratropical

North Atlantic and southern extratropics, and lower by 1-2 m s_ in the extratropical North Pacific.

This discrepancy is likely partly due to higher heights of the actual ship anemometers and partly
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dueto interannualvariability. Da Silvaet al. (1994)appliedananemometerheightof 20 m to the

entireanemometer-measuredwind datasetof voluntaryobservingships for correcting the ship-

estimatedwind speeds(dependingon seastates). The assumed20-m anemometerheight is

significantlylower thantheactualheights,especiallyoverthenorthernextratropicaloceansduring

late80'sandbeyond(Kent andTaylor 1997). Thusthenegativedifferencesof wind speedsand

stressesshowninFigs5aand6aarelikely mainly dueto theoverestimationfrom UWM/COADS,

astheSSM/Iwind speedsweretunedto 38000buoy windswith highdegreeof accuracy(Wentz

1994).

Figure5b showsthatthe SSM/I LHF is generallylargerthan that of UWM/COADS, but is

slightlysmallerin theweakwindareas(ITCZs,SPCZ,andsubtropics). Thediscrepancyof LHF

betweenthetwoflux datasetsfollowscloselythatof Qs-Q__0mbut not thatof wind speed(Figs.5b,

6a,and6b). This is becausesignificantdiscrepancyof Qs-Q__0mis generallyassociatedwith high

winds to enhancehumidity effect, while significant discrepancyof wind speed is generally

associatedwith small Qs-Q_,0mto reducetheimpactof wind speed. In theequatorialPacificand

SouthernHemisphericoceans,Figs.5b,6aand6b showsomeadjacentareasof largepositiveand

negativedifferencesof LHF, wind speed,and Qs-Q20m. Data are generally missing or

undersampledin theseareas(daSilvaet al. 1994;Chouet al 1997;Wolter 1997).Thesepositive

andnegativedifferencesaremainlydueto shiftsin thepositionsof themaximaor minimaof these

variablesbetweenSSM/IandUWM/COADS(seeFigs. 1-4). Theformerhaslarge-scalesmooth

patterns,while the latterhassmall-scalechaoticpatternswith extremevalueslocatedgenerallyin

theseareas. Thus, the large differenceslikely result from the objective analysis in the

undersampledareasof the latter. Figure6c showsthatthediscrepancyof SST-T__0mbetweenthe

two flux datasetsis generallysmall,exceptfor someundersampledareasmentionedabove. Thus,

theSSM/ISHFis generallywithin -+10W m2 of UWM/COADS,exceptfor undersampledareas

and somesmallareasin theextratropics,whicharemainly due to the differencein wind speeds

(Figs.5c,6a,and6c).



Figure 7 shows 4-year (1990-93) annual-mean20-m specific

UWM/COADS, and their difference(UWM/COADS-minus-SSM/I).

15

humidity for the SSM/I,

Figures7a and 7b show

thatthemaximumhumidity is locatedin theequatorialIndianOcean,westernPacificwarm pool

andITCZs,wheretheSSThasmaximum.Theminimumhumidity is locatedin thePolarRegions

asthe SST decreasespoleward. The SSMMhumidity (Fig. 7a) showsthe large-scalecoherent

patternclosely following thatof theSST,includingthecold tonguesin the easternSouthPacific

andSouthAtlantic. On theotherhand,thespecifichumidityof UWM/COADS (Fig. 7b) in the

SouthernHemisphereundulatesin thezonaldirectionanddoesnot follow theSST pattern. Figure

7c showsthattheretrievedsurfacehumidityis wetterin theweakwind areas(ITCZs, SPCZ,and

subtropics)but is drier in the high wind regions (trade winds, extratropics) than that of

UWM/COADS,with thedifferencein someundersampledareasexceeding- 2 g kgj. Comparing

Figs. 6b and7c, wecanseethatthe discrepancyfield of Qs-Qz0,,betweenthe two flux datasets

(Fig.6b) followscloselythatof surfacehumidity(Fig. 7c),astheeffectof SST differenceis either

verysmallor outweighedby thatof humiditydifferences.

To investigateregionaldiscrepanciesof surfacehumiditybetweenSSM/I andUWM/COADS,

we have comparedthe SSM/I (Fll) retrievedsurface humidity with those of radiosonde

observationswithin 100km and1.5h for variousregionsduring 1993.For four regionsof tropical

Indian Ocean (20°S-20°N,70°E-110°E),Caribbeansea (10°N-25°N, 90°W-50°W), southern

extratropicalIndian Ocean (35°S-45°S,70°E-80°E),and southernextratropicalPacific Ocean

(50°S-60°S,150°E-180°E),theSSM/Isurfacehumidityhasbiasesof 0.51,-0.11,-0.13,and-0.10g

kg_, respectively,ascomparedto theradiosondeobservations.However,Fig. 7c shows that the

surfacehumidity of UWM/COADS at theradiosondestationsof thesefour regions(seeTable 1)

is generallyhigherthanthatof SSM/I by >1 g kg1. This resultis consistentwith someprevious

findingsthatshipsoverestimateddewpointtemperatures(by-0.5°C),whichresulteda highervalue

of surfacehumidity for COADS (IsemerandHasse1987;Kentet al. 1993;daSilvaet al. 1994).

Chouet al. (1997) also found that the radiosondeobservedsurfacehumidity of February and
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August 1993 was more close to that of SSM/I than that of COADS. Thus, the results suggest that

the global distribution of surface humidity is more realistic for SSM/I (Fig. 7a).

Table 4 summarizes the area-averages of SSM/I-minus-UWM/COADS difference of 1990-93

annual-mean fluxes and input variables for various latitude belts of the global oceans. It can be

seen that the area-mean differences of Qz0n, for various latitude belts dominate that of Qs-Q20m, as

the average differences of SST are very small. The differences averaged over the global oceans are

-0.0166 N m 2 for wind stress, 18.54 W m 2 for LHF, -0.81 W m-' for SHF, -0.48 m sj for U2o,,, -

0.56 g kg l for Q20m, 0.52 g kg 1 for Qs-Q20m, 0.27°C for SST-T20 m, and 0.16°C for SST. These

results differ insignificantly from those averaged over 60°S-60°N. The area-mean wind stresses

and speeds of SSM/I for all the latitude belts are significantly smaller than those of

UWM/COADS, especially over the northern extratropical oceans (with differences of -0.0532 N m

-" and -1.46 m s_). The small average differences of wind stress and speed in the southern

extratropical oceans are because of cancellation of large positive and negative deviations (Figs. 5a

and 6a). The retrieved area-mean LHF and Qs-Q20m are larger than those of UWM/COADS by

11.77-13.20 W m _ and 0.42-0.54 g kg I in the tropical and northern extratropical oceans, but are

significantly larger in the southern extratropical oceans (with differences of 31.41 W m -_and 0.70 g

kg_). The retrieved area-mean SHF is slightly smaller in the tropical oceans, but is significantly

smaller in the northern extratropical ocean (with a difference of -5.49 W m-2), as the SSM/I wind

speed is significantly smaller than that of UWM/COADS there.

Some climatological studies suggested that the latent heat fluxes based on ship measurements

might be systematically underestimated (Bunker et al. 1982; Oberhuber 1988; da Silva et al. 1994;

Josey et al. 1998). Bunker et al. (1982) found that latent heat fluxes determined from ship

measurements (with a large moisture transfer coefficient of about 1.4 x 10) were underestimated

-2 -2

by 29 W m and 48 W m for the Mediterranean and Red Seas, respectively, based on the heat

balance of both seas. Using the COADS original dew point temperatures with revised wind speeds,

da Silva et al. (1994) found that the long-term (1945-89) annual-mean net heat flux into the ocean
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-2

was 30.2 W m over the entire ocean. They thought that the surplus of heat flux was mainly due to

the overestimation of solar radiation and the underestimation of latent heat flux. To achieve a global

heat balance, they constrained the heat fluxes by the meridional oceanic heat transport and found

that the solar radiation needed to reduce by 7% and the latent heat flux needed to increase by 15-

17%. This result is consistent with Table 4 that the retrieved LHF averaged over the entire ocean is

larger than that of UWM/COADS by 18.54 W m-, which is 20% of the latter (unconstrained LHF

used in this study). Josey et al. (1998) found similar imbalance for their COADS-based air-sea

flux estimates. Oberhuber (1988) also constrained his COADS-derived surface Fluxes by

reducing solar radiation (10%) and increasing latent heat flux (using the enhanced roughness length

to increase the transfer coefficient). Thus, the retrieved LHF is likely to be accurate. The LHF

difference between both datasets is likely mainly due to the humidity overestimation of

UWM/COADS (with some cancellations of random errors due to the objective analysis in the

undersampled areas), although the SSM/I surface humidity and wind speed are subject to retrieval

errors.

6. Global distributions of seasonal-mean fluxes and input variables

In this section, we focus on the seasonal variations of wind stress, lO-m wind speed, latent heat

flux, and sea-air humidity difference for the winter (December, January, and February), spring

(March, April, and May), summer (June, July, and August), and fall (September, October, and

November) of 1988-94. Figures 8 and 9 show 7-year (1988-94) seasonal-mean wind stresses and

10-m wind speeds, derived from F8 and Fll SSM/I data, respectively. The maximum wind

stresses and speeds are generally found in the trade wind zones, the tropical Indian ocean

(associated with the southwest summer Monsoon circulation), the wintertime extratropical North

Pacific and North Atlantic oceans (associated with synoptic activities), and the extratropics of the

Southern Hemisphere. Wind speeds and stresses of the trade wind zones are generally larger in the

Northern Hemisphere than in the Southern Hemisphere during the winter and spring, and vise versa

during the other two seasons as a result of seasonal variations of the Hadley circulations.
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The minimum wind stresses and speeds are generally found in the tropical Indian ocean and

SPCZ during the winter and spring, near Indochina during the summer and fall, in the eastern

Pacific and Atlantic Oceans associated with the seasonally marched ITCZs, and the seasonally

matched subtropical highs in both hemispheres. The retrieved wind and stress fields clearly show

the seasonal variation of the atmospheric general circulation and are consistent with those of Atlas et

al. (1996), Esbensen et al. (1993), Chou et al. (1995), and Hellerman and Rosenstein (1983). The

large-scale patterns and seasonal variations of wind stresses and wind speeds are similar between

SSM/I (1988-94, and 1990-93) and those (1990-93) of UWM/COADS (not shown). However,

the retrieved seasonal-mean wind stresses and 20-m wind speeds are generally smaller than those of

UWM/COADS, with the 1990-93 seasonal differences (not shown) similar to those of the annual

differences (Figs. 5a and 6a) but with seasonal variations mainly in the northern extratropics.

Figures 10 and 11 shov., 7-year (1988-94) seasonal-mean LHF and sea-air (10 m) humidity

differences, Qs-Q_0°,, derived from F8 and F11 SSM/I data, respectively. It can be seen that the

seasonal variability of LHF follows essentially that of Qs-Q_0,,, and that both are larger in the winter

than in the summer hemisphere, as a result of seasonal variation of the atmospheric general

circulation. The maxima of LHF (160-240 W m z) are generally found in the trade wind zones of

both hemispheres, resulting from larger Qs-Q10m coupled with stronger winds (5-7 g kg -_, and 7-10

m st). In the trade wind zones, the largest values of wind speed, Qs-Qlom, and LHF are in the

winter hemisphere due to the strongest wintertime Hadley circulations (see Figs 9-11). Near the

Kuroshio Current and Gulf Stream areas, the LHF is maximized in the winter with the magnitudes

of -240-280 W m 2 (Fig. 10a). This is because of a large increase in the wintertime wind speed and

Qs-Q_0m (Figs. 9a and 1 la), due to cold air outbreaks over warm oceans (e.g., Agee and Howley

1977; Chou and Ferguson 1991; Chou 1993). The LHF and Qs-Qt0m decrease poleward as the

SST decreases poleward, with the minima in the high latitudes of the summer hemisphere. The

minima of LHF and Qs-Q_om, associated with weak winds, are also found in the eastern equatorial

Pacific and Atlantic for all seasons due to the up-weLling induced cold SST. The large-scale
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pattemsandseasonalvariationsof LHF andQs-Qmmfor thewinter andsummerareconsistentwith

those(FebruaryandAugust 1993)of Chouetal. (1997).

The patternsof the retrievedseasonal-meanLHF andQs-Ql0m are somewhat different from

those of UWM/COADS (not shown). The latter has very small seasonal variability for Qs-Qz0m,

with the seasonal-mean fields generally close to that of the annual-mean (Fig.4b). The latter also

has relatively small seasonal variability for LHF, except for the northern extratropics mainly due to

the seasonal variability of wind speeds. The patterns of seasonal differences (SSM/I-minus-

UWM/COADS) of LHF and Os-Q20m (not shown) are similar to those (February and August

1993) of Chou et al. (1997) over the regions without missing data of COADS. These patterns have

the same characteristic as that of their annual differences (Figs. 5b and 6b) but with some seasonal

variations,

The1990-93 seasonal variations (winter-minus-summer) of LHF, Qs-Q__0m, and U20,, for various

regions are shown in Table 5. The seasonal variations of LHF for SSM/I (UWM/COADS) are

88.16 (59.55), 39.18 (23.18), -37.19 (-24.11), and -30.76 (-11.79) W m -2 for the oceans in the

regions of 30°N-60°N, 0-30°N, 0-30°S, and 30°S-60°S, respectively. The seasonal variations of

Qs-Qeom for SSM/I (UWM/COADS) are 1.72 (0.79), 0.61 (0.26), -0.60 (-0.13), and -0.53 (-0.01)

g kg -_ for the oceans in the regions of 30°N-60°N, 0-30°N, 0-30°S, and 30°S-60°S, respectively.

The results show that the LHF, Qs-Q_,0m, and U2o m are larger in the winter than in the summer of

each hemisphere (for both SSM/I and UWM/COADS), as a result of seasonal variation of the

atmospheric general circulation. However, the seasonal variability of the retrieved LHF and Qs-

Q2om is larger than that of UWM/COADS (especially in the southern extratropics), although the

seasonal variability of wind speeds is comparable. The small seasonal variability for

UWM/COADS reflects the paucity of ship observations outside the northern extratropics.

7. Concluding remarks

A 7.5-year (July 1987-December 1994) dataset of daily surface humidity and turbulent fluxes

over global oceans has been produced from the SSM/I data and other data, using the algorithm of
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Chou et al. (1997). It has a spatial resolution of 2.0°x2.5 ° latitude-longitude. The retrieved surface

humidity is generally accurate over global oceans, for the tested period of February and August

1988 and the entire annual cycle of 1993, as validated against the collocated radiosonde

observations. The retrieved daily wind stresses and latent heat fluxes show useful accuracy as

verified by those of the RV Moana Wave and IMET buoy measured during the COARE lOP.

The global distributions of 1988-94 (and 1990-93) annual- and seasonal-mean turbulent fluxes

and input variables, derived from the F8 and Fll SSM/Is, agree generally with those of

UWM/COADS (1990-93) of da Silva et al. (1994) and other climatological studies. However,

there are significant differences between SSM/I and UWM/COADS, especially in the

undersampled areas of the latter. The retrieved turbulent fluxes and input variables show large-scale

coherent patterns, while those of UWM/COADS show small-scale eddy structures, especially in the

equatorial Pacific and southern extratropical oceans. The retrieved wind stress and speed are

systematically smaller than those of UWM/COADS over the high wind regions of northern

extratropics and trade winds. This discrepancy is suggested to be mainly due to underestimation of

the ship anemometer's heights by da Silva et al. (1994), especially over the northern extratropical

oceans (Kent and Taylor 1997). Wind speeds at the heights equivalent to that of the anemometers

can be estimated from the sea states based on the measurements from the anemometers. If the

heights of anemometers are underestimated, the higher wind speeds measured at high levels are

assigned to the low levels. This can cause the measured and estimated wind speeds to be too high.

The retrieved surface humidity in general shows realistic large-scale coherent patterns closely

following that of the SST including the cold tongues in the eastern South Pacific and South

Atlantic. On the other hand, the surface humidity of UWM/COADS in the Southern Hemisphere

undulates in the zonal direction and does not follow the SST patterns. The retrieved surface

humidity is generally drier than that of UWM/COADS in the high wind regions of trade winds and

extratropics and compares better with radiosonde observations. This result is consistent with some

previous findings that ships overestimated dew point temperatures (Isemer and Hasse 1987; Kent et

al. 1993; da Silva et al. 1994; Chou et al. 1997). The retrieved latent heat flux and sea-air humidity
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differencealso show more realisticlarge-scalecoherentpatternswith largerseasonalvariability,

especiallyover the tropicsand southernextratropicaloceans. This reflectsthe paucity of ship

observationsoutsidethe northernextratropicaloceans. Averagedover the global oceans,the

retrieved 1990-93 annual-meanlatent heat flux and Qs-Q20mare larger than those of

UWM/COADS by 18.54W m-2and 0.52 g kg_, respectively. This result is consistentwith

previousstudiesthat the latentheatfluxes basedon ship measurementsmight be systematically

underestimated(Bunkeret al. 1982;Oberhuber1988;daSilva et al. 1994;Chouet al. 1997;Josey

etal. 1998).

TheresultssuggestthattheSSM/I-derivedturbulentfluxescanbeusedfor climatestudiesand

coupled-modelvalidations.Currentwork isaimedat producinga high-resolution(1° x 1° latitude-

longitude)datasetof dailyglobaloceansurfaceturbulentfluxes. WeplantousethePathfinder10-

m wind speedsandtotalprecipitablewaterofWentz (1995). This flux datasetisanticipatedto have

abetterretrievalaccuracydueto improveddataandresolution.
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Table1. Radiosondestationsfor collocationvalidation.

Name Number Latitude Longitude

IndianOcean

PortBlair 43333 11.67°N 92.72°E
Minicoy Island 43369 8.30ON 73.00OE
Seychelles 63985 4.67°S 55.52°E
DiegoGarcia 61967 7.35°S 72.48°E
CocosIsland 96996 12.18°S 96.83OE
I. N. Amsterdam 61996 37.80°S 77.53OE

PacificOcean

St.PaulIsland 70308 57.15°N 170.22°W
Nikolskoye-on-Bering 32618 55.20°N 165.98OE
Hachijajima 47678 33.12°N 139.78°E
Minamidaito 47945 25.83°N 131.23°E
Ishigakijima 47918 24.33°N 124.17°E
IslaGuadalupe 76151 29.17°N 118.32°W
Isla Socorro 76723 18.72°N 110.95°W
WakeIsland 91245 19.28°N 166.65°E
Guam 91217 13.55°N 144.83°E
Willis Island 94299 16.30°S 149.98OE
PagoPago 91765 14.33°S 170.72°W
Tahiti IslandFaaa 91938 17.55°S 149.62ow
Easter 85469 27.17°S 109.43°W
Lord HoweIsland 94995 31.53°S 159.08°E
CampbellIsland 93944 52.55°S 169.15°E
MacquarieIsland 94998 54.50°S 158.95°E

AtlanticOcean

Mike C7M 66.00°N 2.00OE
Lima C7L 57.00°N 20.00°W
SableIsland 71600 43.93°N 60.02ow
BermudaNAS/Kindley 78016 32.37ON 64.68ow
RobertsField 78384 19.30°N 81.37°W
SanMaarten 78866 18.05°N 63.12°W
Barbados 78954 13.07°N 59.50ow
IslaSanAndreas 80001 12.58°N 81.70°W
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Table2. Comparisonof retrievedsurfacehumiditywith thoseof radiosondeobservations

within 100 km and 1.5 h. In the table meandenotesretrievedmeanhumidity for N

collocateddataduring theperiodsindicated,positivebias indicateslargerretrievedvalues,

andrmsdenotestheroot-mean-squaredifference.Units areg kg_.

Satellite Period N Mean Bias Rms Correlation

F8 Feb/88,Aug/88 342 11.61 0.03 1.57 0.97

F10 Feb/93,Aug/93 288 8,950.00 1.78 0.94

F11 Feb/93,Aug/93 174 11.35 0.10 1.55 0.97

F10 1993 1205 8,73 0.14 1.96 0.93

F11 1993 849 11.96 0.25 1.62 0.97



Table3. Comparisonof daily wind stresses,latentheat fluxes (LHF), and sensibleheat

fluxes (SHF)derivedfrom theF10andF11SSM/Iswith thosemeasuredat the RV Moana

Wave(MW) andIMET buoy duringCOAREIOP. In the table meandenotesretrieved

fluxes averagedover 52 (120) days for the MW (IMET), positive bias indicateslarger

retrievedfluxes,andrmsdenotestheroot-mean-squaredifference.UnitsareW m2for heat

fluxesand 10-ZNm2for windstress.

28

Data Number Flux Mean Bias Rms Correlation
source of days

Daily Monthly

MW 52 stress 417 61 187 69 0.86

IMET 120 stress 371 -18 211 42 0.78

MW 52 LHF 110.7 6.2 29.0 8.1 0.83

IMET 120 LHF 104.8 -2.4 29.2 5.5 0.71

MW 52 SHF 5.8 0.8 3.8 1.0 0.39

IMET 120 SHF 6.3 -2.6 6.6 2.8 0.40
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Table4. Differences(SSM/I-minus-UWM/COADS)of annual-mean(1990-93) wind stress,

latentheatflux (LHF), sensibleheatflux (SHF) and input variablesfor variousregionsof the

global oceans. In the table,U2om,Q2om, and T20m, are the wind speed, specific humidity, and

temperature at the 20 m height, while Qs is the sea level specific humidity.

Variables Units 90°S-90°N 60°S-60°N 30°S-30°N 30°N-60°N 30°S-60°S

Stress N m 2 -0.0166 -0.0184 -0.0187 -0.0532 0.0011

LHF Wm" 2 18.54 17,25 11.77 13.20 .... 3!A1

SHF W m z -0.81 -1.10 -0.64 -5.49 -0.20

Uzo m m s_ -0.48 -0.71 -0.68 - 1.46 -0.33

Q_,om g kg t -0.56 -0.51 -0.32 -0.54 -0.91

Qs- Qzom g kg -t 0.52 0.51 0.42 0.54 0.70

SST- T-,ore °C 0.27 0.30 0.28 0.37 0.28

SST °C O. 16 -0.05 0.06 -0.09 -0.29
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Table5. Comparisonof 1990-93seasonalvariations(DJF-JJA)of latentheatflux (LHF), sea-air

humiditydifference(Qs- Q_,o_),and20-m wind speed(U20m)for variousregionsof the global

oceansbetweenSSM/IandUWM/COADS.

Variables Units Source 30°N-60°N O-30°N 0-30°S 30°S-60°S

LHF W m 2 SSMfl

LHF W m 2 UWM

Qs- Q20m g kg l SSM/I

Qs- Q2om g kg "t UWM

U2o m m s-_ SSM/I

U2o m m s _ UWM

88.16 39.18 -37.19 -30.76

59.55 23.18 -24.11 -11.79

1.72 0.61 -0.60 -0.53

0.79 0.26 -0.13 -0.01

3.29 0.96 - 1.00 - 1.48

3.71 0.59 -0.97 -0.8
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FIGURE CAPTIONS

Fig. 1.Annual-mean(a)wind stress,(b)latentheatflux, and(c) sensibleheatflux, derivedfrom F8

andF11SSM/Idataduring1988-94.Arrows indicatewind stressdirections.

Fig. 2. SameasFig. 1,exceptfor UWM/COADSduring1990-93.

Fig. 3. Annual-mean(1988-94)(a) 10-mwind speed,and(b) sea-air(10 m) humidity difference,

derivedfrom F8 and F11 SSM/I data,and (c) sea-air(2 m) temperaturedifferenceof

ECMWF.

Fig. 4.SameasFig. 3,exceptfor UWM/COADSduring1990-93ata 20-mreferenceheight.

Fig. 5. SSM/I-minus-UWM/COADSdifferencesof (a) wind stress,(b) latentheatflux, .and(c)

sensibleheatflux for 1990-93.Arrowsindicatewind stressdifferencedirections.

Fig. 6. SSM/I-minus-UWM/COADS differencesof (a) 20-m wind speed,(b) sea-air(20 m)

humiditydifference,and(c) sea-air(20m) temperaturedifferencefor 1990-93.

Fig. 7.Annual-mean(1990-93)20-mspecifichumidity for (a) SSM/I, (b) UWM/COADS, and (c)

UWM/COADS-minus-SSM/Idifference.

Fig. 8. Seasonal-meanwind stressesfor (a) winter, (b) spring, (c) summer,and (d) fall, derived

from F8 andF11SSM/Idataduring1988-94.Arrows indicatewind stressdirections.

Fig.9. SameasFig.8, exceptfor 10-mwind speeds.

Fig. 10.SameasFig. 8,exceptfor latentheatfluxes.

Fig. 11.SameasFig. 8, exceptfor sea-air(10m) humiditydifferences.
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